Tetherin, also known as bone marrow stromal antigen 2 (BST-2), inhibits the release of a wide range of enveloped viruses, including human immunodeficiency virus, type 1 (HIV-1) by directly tethering nascent virions to the surface of infected cells. The HIV-1 accessary protein Vpu counteracts tetherin restriction via sequestration, down-regulation, and/or displacement mechanisms to remove tetherin from sites of virus budding. However, the exact mechanism of Vpu-mediated antagonism of tetherin restriction remains to be fully understood. Here we report a novel role for the actin cross-linking regulator filamin A (FLNa) in Vpu anti-tetherin activities. We demonstrate that FLNa associates with tetherin and that FLNa modulates tetherin turnover. FLNa deficiency was found to enhance cell surface and steady-state levels of tetherin expression. In contrast, we observed that overexpression of FLNa reduced tetherin expression levels both on the plasma membrane and in intracellular compartments. Although FLNb shows high amino acid sequence similarity with FLNa, we reveal that only FLNa, but not FLNb, plays an essential role in tetherin turnover. We further showed that FLNa deficiency inhibited Vpu-mediated enhancement of virus release through interfering with the activity of Vpu to down-regulate cellular tetherin. Taken together, our studies suggest that Vpu hijacks the FLNa function in the modulation of tetherin to neutralize the antiviral factor tetherin. These findings may provide novel strategies for the treatment of HIV-1 infection.
IFN-inducible bone marrow stromal antigen 2 (BST-2, also known as tetherin, CD317, and HM1.24) inhibits human immunodeficiency virus type 1 (HIV-1) 2 release and spreads by trapping newly formed virions on the surface of infected cells (1, 2) . As an innate restriction factor, tetherin also exhibits antiviral activity against a wide range of enveloped viruses, such as filoviruses, arenaviruses, and herpesviruses (3) (4) (5) (6) . Tetherin is a 30-to 36-kDa glycosylated type II integral membrane protein (7) . It has an unusual topology consisting of a short N-terminal cytoplasmic tail, a single transmembrane domain, an ectodomain with an extended coiled-coil structure stabilized by the formation of a homodimer through intermolecular disulfide bonds between any one of three conserved cysteine residues, and a C-terminal glycosylphosphatidylinositol anchor (8 -11) . Biochemical and microscopic studies support the hypothesis that two distinct membrane anchors and a coiled-coil conformation enable tetherin to restrict virus release through a direct tethering mechanism in which parallel tetherin dimers physically cross-link the virion and cell membranes (11) (12) (13) (14) .
Glycosylphosphatidylinositol-anchored tetherin associates with plasma membrane (PM) lipid rafts that serve as preferential sites of HIV-1 assembly and budding (8, 15) . Also, tetherin has been found to be concentrated in internal compartments, including the trans-Golgi network, early endosomes, and recycling endosomes (8) . Indeed, it has been documented that the membrane trafficking machinery is involved in tetherin transport and turnover. The clathrin-associated adaptor complex AP-2 mediates tetherin endocytosis via a direct interaction (16, 17) . Internalized tetherin is then delivered to early endosomes and/or sorting endosomes from which tetherin is sorted for returning back to the PM via the recycling endosome pathway, is destined for degradation via endo-lysosomal pathways, or is targeted to trans-Golgi network compartments via a clathrin adaptor AP-1-mediated retrieval pathway (17) (18) (19) (20) .
In polarized epithelial cells, tetherin is mainly localized to the apical membrane through indirect interactions with the underlying actin cytoskeleton (21). Recent studies have also suggested that the linkage of tetherin with the cortical actin network plays a role in the organization of lipid rafts (22, 23) . However, the mechanism of how the cortical actin network is involved in tetherin location and tetherin antiviral activity remains to be determined.
HIV-1 has evolved a strategy to overcome tetherin restriction by encoding the accessory viral protein U (Vpu). Vpu is a 16-kDa type I transmembrane protein composed of an N-terminal ␣-helical transmembrane domain and a C-terminal cytoplasmic domain that contains two ␣ helices (H1 and H2) connected by an unstructured region harboring two evolutionary conserved serine residues. Vpu interaction with tetherin via their respective transmembrane domains is required for the Vpu activity to counteract tetherin restriction (24, 25) . Multiple mechanisms of Vpu-mediated antagonism have been proposed. Vpu is capable of inhibiting the resupply of de novo synthesized tetherin and/or recycled tetherin to the PM by sequestering it within the trans-Golgi network compartment (26, 27) . Vpu can also induce tetherin degradation though the ␤-TrCP-dependent endo-lysosomal pathway (28) . Recent studies support a mechanism by which Vpu can displace surface tetherin from virus budding sites (29, 30) . Notably, these mechanisms are not mutually exclusive. It appears that Vpu is able to interfere with tetherin trafficking pathways to achieve its anti-tetherin activity. However, the exact mechanism of Vpu-mediated neutralization of tetherin is not well defined (31) (32) (33) .
Here we report a novel role for the cytoskeletal protein filamin A (FLNa) in HIV-1 particle release through modulating tetherin expression. FLNa has an N-terminal conserved F-actin-binding domain followed by 24 immunoglobulin-like repeats with two calpain-sensitive unstructured hinge regions, 1 (separating repeats 15 and 16) and 2 (separating repeats 23 and 24). The extreme C-terminal repeat 24 of FLNa mediates dimerization via non-covalent interactions. FLNa links the cell membrane to the actin cytoskeleton and serves as a scaffold on which intracellular signaling and protein trafficking pathways are organized (34, 35) . In this work, we show that FLNa involves tetherin turnover and trafficking pathways. Furthermore, we demonstrate that Vpu hijacks the FLNa function to antagonize tetherin restriction. Our findings provide novel insights into FLNa biology and Vpu-mediated evasion of host restriction.
Experimental Procedures
Cell Lines and Transfections-The human melanoma M2 and A7 cell lines, provided by Yasutaka Ohta and Thomas Stossel (Harvard Medical School, Boston, MA), were maintained in minimum essential medium supplemented with 8% newborn calf serum, 2% fetal calf serum, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in 5% CO 2 . A7 cells were cultured in the presence of 500 g/ml G418. 293T and HeLa cells were obtained from the ATCC and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin. M2, A7, and HeLa cells were transfected using Lipofectamine 2000 (Invitrogen). 293T cells were transfected using the polyethyleneimine method.
Plasmids-The FLNa-GFP expression plasmid pcDNA3-FLNa-GFP was provided by David Calderwood (Yale University, New Haven, CT) (36) . The FLNb-GFP expression plasmid pCl-puro-FLNb-GFP was a gift from Arnoud Sonnenberg (The Netherlands Cancer Institute, Amsterdam, Netherlands) (37) . An HA-tetherin expression plasmid was provided by Vincent Piguet (Cardiff University, Cardiff, UK) (38) . The HIV-1 GagPol expression plasmid pGPCINS was obtained from XiaoFang Yu (Johns Hopkins University, Baltimore, MD) (39) . The full-length infectious HIV-1 molecular clone pNL4 -3 and its Vpu-deficient variant pNL4 -3/Udel have been described before (40, 41) . A plasmid (pcDNA-Vphu) encoding the Vpu protein of HIV-1, NL4 -3, was obtained through the National Institutes of Health AIDS Research and Reference Reagent Program (42) . The plasmid (pcDNA3-myc-FLNa WT) encoding human FLNa fused with a myc tag was purchased from Addgene (Cambridge, MA) (43) .
Primary Antibodies-Mouse anti-tetherin antibodies were provided by Chugai Pharmaceutical Co. (Kanagawa, Japan). Mouse anti-FLNa and anti-Myc antibodies were purchased from EMD Millipore (Billerica, MA). Mouse anti-HA antibodies were from Covance Co. (Princeton, NJ), mouse anti-GFP antibodies were from Invitrogen, and rabbit anti-FLNa antibodies were from Abcam. Rabbit anti-human tetherin antibodies, HIV-1 NL4 -3 Vpu antiserum, HIV-Ig, and mouse anti-p24 antibodies (catalog no. 183-H12-5C) were obtained through the National Institutes of Health AIDS Research and Reference Reagent Program.
Co-immunoprecipitation-Co-immunoprecipitation assays were performed as described before (44) . In brief, HeLa cells or 293T cells expressing FLNa-Myc and HA-tetherin were washed with phosphate-buffered saline and lysed with radioimmune precipitation buffer (150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, and 50 mM Tris-HCl (pH 7.6)). Cellular debris was removed from cell lysates by low-speed centrifugation, and the soluble cell lysate was then incubated overnight at 4°C either with protein A/G-Sepharose beads (Thermo Fisher Scientific) alone or with the indicated antibodies and protein A/G-Sepharose beads. After washing with radioimmune precipitation assay buffer, immunoprecipitated proteins were subjected to SDS-polyacrylamide gel electrophoresis, followed by Western blotting with anti-Myc or anti-FLNa antibodies.
siRNA Knockdown-Three 21-nucleotide siRNA duplexes with symmetric 3Ј UU overhangs were purchased from Thermo Fisher Scientific. Two FLNa-specific siRNA FLNa-1 and siRNA FLNa-2 sequences targeting the FLNA gene corresponded, respectively, to the coding regions 2555-2573 (CCAACAAG-GTCAAAGTATA) and 2160 -2178 (GCAGGAGGCTGGCG-AGTAT) relative to the first nucleotide of the start codon. A control FLNa-nonspecific siRNA duplex (siRNA control ) was composed of a sense strand (5Ј-CUCUCGCCGUAAUAGCA-GUUU-3Ј) and an antisense strand (5Ј-ACUGCUAUUACGG-CGAGAGUU-3Ј). 100 nM siRNA duplexes were transfected into HeLa cells using Lipofectamine 2000.
Flow Cytometry-M2, A7, and transfected HeLa cells were stained with mouse anti-tetherin primary antibodies and goat anti-mouse IgG (HϩL) APC-conjugated secondary antibodies. Cells were run on a BD Biosciences FACSCalibur flow cytometer, and the data were analyzed by FlowJo software.
Cycloheximide Treatment-M2 and A7 cells transfected with HA-tetherin or non-transfected M2 and A7 cells were preincubated for 2 h with 1.5 g/ml cycloheximide (Sigma-Aldrich). Cells were then washed and incubated with 100 g/ml cycloheximide for the indicated time, followed by immunoblot analysis with anti-HA, tetherin, and actin antibodies.
Immunofluorescence Microscopy-Immunofluorescence confocal microscopy was conducted as described previously (44) . In single-staining experiments, endogenous tetherin or exogenously expressed HA-tetherin was detected by either mouse anti-tetherin or anti-HA antibodies and goat anti-mouse Alexa Fluor 546-conjugated antibodies (Life Technologies). In double-staining experiments, FLNa was stained with rabbit anti-FLNa antibodies and goat anti-rabbit Alexa Fluor 488-conjugated antibodies (Life Technologies). Tetherin was revealed by mouse anti-tetherin antibodies and goat anti-mouse Alexa Fluor 546-conjugated antibodies. Images were acquired with either a Nikon TE2000U C1 confocal laser-scanning microscope or a Nikon AIR confocal microscope. Image analysis was performed using EZ-C1 and NISElements AR software.
Purification of VLPs or Virions-In some experiments, A7 and M2 cells were cotransfected with HIV-1 Gag-Pol and tetherin expression plasmids at a ratio of 1:1. In some experiments, A7 and M2 cells were cotransfected with NL4 -3/Udel proviral plasmids and HIV-1 Vpu expression plasmids. 48 h after transfection, supernatants were collected, filtered through a 0.45-m filter, and purified through a 20% sucrose cushion by centrifugation at 28,000 ϫ g for 2 h at 4°C.
Results
FLNa Down-regulates Tetherin Expression-Our previous studies have demonstrated that FLNa binds HIV-1 Gag and promotes the transport of the latter protein to the PM (44) . To further define the role of FLNa in HIV-1 particle release, we performed transmission electron microscopy to observe virus budding events in an FLNa-depleted human melanoma cell line (M2) and its derivative rescued subline (A7) stably expressing FLNa at approximately wild-type levels (45) . In A7 cells, cellfree virions surrounding the PM were detected easily. Although fewer virions were found at the cell surface of M2 cells, we observed some virions tethered to each other and to the cell surface (data not shown). A retention phenotype occurred in M2 cells but not in A7 cells, suggesting that FLNa depletion may result in the accumulation of tetherin on the cell surface. To test this possibility, we performed flow cytometry in nonpermeabilized A7 and M2 cells to quantify tetherin expression on the cell surface. As expected, cell surface tetherin levels in M2 cells increased 2-fold compared with A7 cells (Fig. 1A) . To determine whether a reduction in surface tetherin expression in A7 cells resulted from lower levels of total cellular tetherin, we conducted a Western blotting analysis of extracts from these two cell lines. Tetherin is a 30-to 36-kDa type II transmembrane glycoprotein (7, 8) . Indeed, A7 cells exhibited a lower level of endogenously expressed tetherin compared with M2 cells (Fig. 1B) . Similarly, in cells transfected with HA-tetherin expression plasmids, M2 but not A7 cells showed a higher level of exogenously expressed HA-tetherin (Fig. 1C) . All of these results indicate that FLNa promotes tetherin down-regulation. To confirm these findings, we performed rescue experiments in M2 cells. M2 cells were transfected with either control plasmids or full-length FLNa expression plasmids. The transient expression of FLNa in M2 cells not only reduced total cellular tetherin expression ( Fig. 1D) but also decreased the level of cell surface tetherin (data not shown). To exclude the possibility that the observed difference in endogenous and/or exogenous tetherin expression levels is the consequence of clonal selection during the generation of M2 and A7 cell lines, we performed an siRNA approach in HeLa cells. Expression of FLNa-specific siRNA in HeLa cells, either siRNA FLNa-1 or siRNA FLNa-2 , efficiently decreased total cellular levels of endogenous FLNa by more than 80% compared with expression of control siRNA (Fig. 1E) . siRNA-mediated knockdown of FLNa enhanced the levels of cellular tetherin (Fig. 1E ) and surface tetherin (Fig. 1F) . To further evaluate the relationship between FLNa and tetherin, we compared FLNa and tetherin levels in Jurkat and THP-1 cells. Jurkat cells with higher levels of FLNa exhibited lower expression of tetherin compared with THP-1 cells (data not shown). Taken together, these data suggest that FLNa normally acts to promote tetherin down-modulation.
FLNa Depletion Reduces Tetherin Turnover-To investigate a potential role for FLNa in promoting tetherin deregulation, we tested whether FLNa deficiency decreases tetherin turnover. To that end, HA-tetherin-expressing M2 and A7 cells were incubated in growth medium supplemented with cycloheximide at different time intervals, followed by immunoblot analysis for HA-tetherin expression. In our experiments, HAtetherin in A7 and M2 cells appeared as a smear of 28 -45 kDa. Our results showed that FLNa depletion in M2 cells extended the half-life of HA-tetherin, thereby stabilizing HA-tetherin expression ( Fig. 2A) . To quantify the half-life of endogenous tetherin, we performed cycloheximide chase experiments in non-transfected M2 and A7 cells. In A7 cells, more than 50% of tetherin was degraded 3 h after cycloheximide treatment (Fig. 2B, left panel) . By contrast, only 20% of tetherin in M2 cells was degraded at this time point (Fig. 2B, right panel) . Quantification of a tetherin band at about 30 -36 kDa using densitometry showed that FLNa deficiency in M2 cells extended the half-life of endogenous tetherin as compared with A7 cells (Fig. 2C) . These results indicate that FLNa promotes tetherin turnover.
FLNb Is Not Required for Tetherin Turnover-Given that FLNa depletion increased tetherin expression, we reasoned that enhanced FLNa may reduce tetherin levels. To test this possibility, HeLa cells were transfected with either control pcDNA3.1 empty plasmids or FLNa-GFP expression plasmids. Indeed, expression of FLNa-GFP reduced total cellular tetherin levels 2-fold (Fig. 3A) . To determine the effect of FLNa-GFP expression on cell surface tetherin, we performed similar experiments in HeLa cells, and surface tetherin levels on either FLNa-GFP-positive cells or FLNa-GFP-negative cells were then quantified by flow cytometry. As shown in Fig. 3B , a 2-fold reduction in surface tetherin levels was detected in FLNa-GFPexpressing cells. Considering that FLNb and FLNa are the most ubiquitously expressed filamin isoforms and that FLNb shares ϳ70% amino acid sequence homology with FLNa, we examined whether FLNb also participates in the modulation of tetherin (46 -48) . In that regard, HeLa cells were transfected with either empty pcDNA3.1 vectors or FLNb-GFP expression plasmids. In contrast to FLNa-GFP-induced down-regulation of tetherin, FLNb-GFP expression did not alter total cellular total levels of tetherin (Fig. 3C) . Furthermore, flow cytometric analysis of FLNb-GFP-expressing HeLa cells showed that the cell surface tetherin levels were comparable with those in FLNb-GFP-negative cells (Fig. 3D) . Collectively, these results indicate that the isoform-specific regulation of tetherin modulation is mediated by FLNa but not FLNb.
FLNa Associates with Tetherin in Mammalian Cells-To understand the molecular mechanism of FLNa-mediated modulation of tetherin, we first performed co-immunoprecipitation assays in mammalian cells. Vpu-permissive 293T cells, which Filamin A and Vpu Anti-tetherin Activity do not express tetherin, were co-transfected with an expression plasmid encoding FLNa with a C-terminal Myc tag and an expression plasmid encoding HA-tagged tetherin at a ratio of 1:1. HA-tetherin, precipitated by anti-HA antibodies and protein G-coupled Sepharose beads, interacted with FLNa-Myc (Fig. 4A) . Similarly, co-immunoprecipitation of HA-tetherin FIGURE 1. FLNa closely correlates with tetherin expression levels. A, flow cytometric analysis of surface tetherin levels on M2 and A7 cells. The filled plot represents the isotype control, the dashed plot represents A7 cells, and the empty plot represents M2 cells. B, Western blotting analysis of M2 and A7 cell lysates using anti-FLNa, anti-tetherin, and anti-tubulin antibodies. C, immunoblot analysis of HA-tetherin-expressing M2 and A7 cells with anti-FLNa, anti-HA, and anti-actin antibodies. D, M2 cells were transfected with empty pcDNA vectors or full-length FLNa expression plasmids, followed by Western blotting analysis with anti-FLNa, anti-tetherin, and anti-actin antibodies. E, HeLa cells were transfected with siRNA control , siRNA FLNa-1 , or siRNA FLNa-2 . 48 h after transfection, cells were lysed and subjected to immunoblot analysis using anti-FLNa, anti-tetherin, and anti-actin antibodies. F, HeLa cells were transfected with siRNA control or siRNA FLNa . 40 h after transfection, cells were lysed, followed by immunoblot analysis using anti-FLNa and anti-actin antibodies, or cells were subjected to flow cytometric analysis of surface tetherin. The filled plot represents the isotype control, the empty plot represents cells receiving control siRNA, and the dashed plot represents cells receiving siRNA FLNa .
Filamin A and Vpu Anti-tetherin Activity FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 with endogenous FLNa was also detected in 293T cells expressing HA-tagged tetherin. 3 To confirm these results, we conducted co-immunoprecipitation experiments in Vpu-restrictive HeLa cells, which express tetherin constitutively. As shown in Fig. 4B , cellular tetherin co-immunoprecipitated with endogenous FLNa. We next performed immunofluorescence confocal microscopy to examine whether tetherin co-localized with FLNa. In HeLa cells, endogenous FLNa and native tetherin were found to primarily locate at the PM (Fig. 4C ). Moreover, a high level of FLNa-tetherin colocalization was detected at distinct regions of the PM (Fig. 4C) . Taken together, these results suggest that FLNa associates with tetherin in mammalian cells.
FLNa Is Involved in the Tetherin Trafficking Pathway-FLNa,
as an actin-cross-linking protein, is implicated in the intracellular trafficking pathways of some membrane proteins (44, 49 -52) . However, whether FLNa regulates tetherin subcellular trafficking is unknown. To explore this possibility, we examined the role of FLNa in tetherin subcellular localization by performing immunofluorescence confocal microscopy. We first observed the distribution pattern of endogenous tetherin in A7 and M2 cells (Fig. 5A) . In A7 cells, endogenous tetherin was concentrated in the perinuclear region (Fig. 5A, left panels) . By contrast, endogenous tetherin in M2 cells was localized both on the PM and in intracellular compartments (Fig. 5A, right  panels) . We also examined the subcellular localization of exogenously expressed HA-tetherin in these two cell lines. Similar to endogenous tetherin, HA-tetherin in A7 cells was primarily localized in the perinuclear compartment, whereas, in M2 cells, HA-tetherin showed an intracellular punctate and PM pattern (Fig. 5B) . The distinct distribution patterns of tetherin in cells in the presence or absence of FLNa suggest that FLNa participates in the tetherin trafficking pathway. In these experiments, we failed to observe PM localization of either endogenous tetherin or exogenously expressed HA-tetherin in A7 cells. However, the flow cytometric analysis of non-permeabilized A7 cells showed the presence of cell surface tetherin (Fig. 1A) . These inconsistent results in cell surface tetherin expression may be partially caused by the anti-tetherin antibodies we used that might exhibit a reduced binding efficiency to cell surface tetherin on fixed and permeabilized A7 cells. Next we investigated the effect of FLNa overexpression on the localization of endogenous tetherin. To that end, HeLa cells were transfected with FLNa-GFP expression plasmids, followed by immunofluorescence confocal microscopy. In cells devoid of FLNa-GFP expression, tetherin was localized both on the PM and in perinuclear regions. In cells expressing FLNa-GFP, however, the fluorescence intensity of tetherin staining on the PM and perinuclear region was reduced significantly (Fig. 5C ). As controls, we also examined HeLa cells in the presence of FLNb-GFP. FLNb-GFP was detected predominantly on the PM and exhibited high levels of co-localization with tetherin. In contrast to FLNa-GFP, the presence of FLNb-GFP did not induce a reduction in tetherin fluorescence on the PM and in the perinuclear region (Fig. 5D ). Taken together, these results reveal that FLNa plays a role in tetherin intracellular trafficking.
FLNa Is Required for HIV-1 Vpu-mediated Enhancement of Virus
Release-It is well known that PM-localized tetherin restricts the release of HIV-1 particles by cross-linking nascent viral and cellular membranes (11, 53) . To determine the role of FLNa in tetherin antiviral activity, either A7 cells or M2 cells were co-transfected with HIV-1 Gag-Pol and tetherin expression plasmids. Considering cell line-dependent differences in transfection efficiency because of cell surface morphology, we compared Gag-Pol virus-like particle (VLP) release from A7 cells with versus without exogenously expressed tetherin, or from M2 cells with versus without exogenously expressed tetherin. In FLNa-repleted A7 cells, exogenous expression of tetherin efficiently inhibited the release of Gag-Pol VLPs (Fig. 6A) . Similarly, forced expression of tetherin in FLNa-deficient M2 cells also restricted HIV-1 Gag-Pol VLP release (Fig. 6B) . These 
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results suggest that FLNa depletion does not impair trafficking of de novo synthesized tetherin to the PM. Next we examined the effect of FLNa on Vpu-mediated enhancement of HIV-1 release. To that end, Vpu-defective NL4 -3 (NL4 -3/Udel) and HIV-1 Vpu were co-expressed in A7 or M2 cells. As a control, the presence of Vpu in A7 cells effectively increased the release of NL4 -3/Udel viruses (Fig. 6C) . By contrast, expression of Vpu in trans in M2 cells, even at higher levels, did not induce an increase in NL4 -3/Udel yield (Fig. 6D) . These data indicate that FLNa depletion inhibits the activity of Vpu to enhance HIV-1 particle release. Indeed, the presence of Vpu in A7 cells significantly reduced tetherin expression levels, whereas Vpu expression in M2 cells did not induce a reduction in total cellular tetherin expression (data not shown). It suggests that FLNa deficiency impairs the activity of Vpu to down-regulate tetherin, thereby inhibiting the 
Discussion
In this study, we demonstrate that the actin-binding protein FLNa plays an important role in modulating tetherin expression at a posttranslational level. Employing an FLNa-depleted human melanoma cell line and its subline with stable expression of recombinant FLNa, we found that FLNa deficiency increased surface and total cellular tetherin levels, whereas FLNa repletion reduced surface and cellular tetherin expression. FLNa-induced down-regulation of surface and cellular tetherin was confirmed further in HeLa cells with either FLNa knockdown or FLNa overexpression. Coupled with evidence showing that the presence of FLNa is required for the activity of HIV-1 Vpu to enhance virus release, it suggests that HIV-1 Vpu hijacks the FLNa function of regulating tetherin expression levels to enhance HIV-1 particle release.
The presence and absence of FLNa in melanoma cells led to the distinct distribution patterns of endogenous and exogenously expressed tetherin, highlighting the importance of FLNa in tetherin trafficking and location. Indeed, increasing evidence indicates that FLNa regulates the transport of ion channels and transmembrane receptors into or out of the PM via the endocytic pathway and/or secretory pathway (51, 54 -56) . Our microscopy studies showing that enhanced FLNa expression reduced tetherin localization on the PM, together with two lines of evidence of FLNa co-immunoprecipitation with tetherin and FLNa colocalization with tetherin on the PM, suggest that FLNa may promote tetherin internalization. In support of this, exogenously expressed tetherin in M2 cells still exhibited anti-viral activities, implying that FLNa depletion does not 
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interfere with the transport of de novo synthesized tetherin to assembly sites of HIV-1. It is well known that FLNa binds diverse ion channels and transmembrane receptors via repeats 16 -23 (57) . In agreement with this view, our early studies have demonstrated that FLNa repeats 16 -23 are required for binding to HIV-1 Gag (44) . Whether FLNa repeats 16 -23 are involved in tetherin binding remains to be determined.
PM-localized tetherin is concentrated within the lipid rafts because of the C-terminal glycosylphosphatidylinositol modification (8, 17) . The adaptor complex AP-2 recognizes a noncanonical dual tyrosine motif in the tetherin cytosolic tail and mediates tetherin endocytosis through a clathrin-dependent mechanism (16, 17) . Interestingly, the Rho GTPase-activating protein RICH2 has been reported recently to interact with this tyrosine-based motif and link tetherin to the actin cytoskeleton via the proteins EBP50 and erzin (21). Such a linkage is implicated both in the organization of PM lipid raft microdomains by limiting the free diffusion of membrane lipids and proteins and in the remodeling of actin dynamics by regulating the small GTPases Rho and/or Rac (21-23). Notably, it has been reported that RICH2 binding prevented tetherin from interacting with AP-2 and, therefore, inhibited clathrin-dependent endocytosis of tetherin (21). Further investigations are needed to determine the mechanisms of how these two mutually competitive interactions are orchestrated under physiological conditions.
Our early studies in M2 cells using a transferrin uptake assay indicate that FLNa deficiency does not perturb clathrin-mediated constitutive endocytosis of transferrin, suggesting that FLNa may contribute to a clathrin-independent pathway required for tetherin internalization (44) . Indeed, FLNa is implicated in promoting the internalization of the caveola-associated protein caveolin 1 (Cav-1) through a direct interaction with Cav-1 (51, 58, 59 ). The structural properties of FLNa, featured with two actin binding domains (in the N terminus and in Gag-Pol and tetherin expression plasmids at a ratio of 1:1, followed by Western blotting analysis of cell lysates and pelleted VLP lysates using HIV Ig. The right panels represent relative particle release efficiency (**, p Ͻ 0.01; ***, p Ͻ 0.001). Relative particle release efficiency was determined as p24 levels in the supernatant as a fraction of total p24 levels (supernatant plus cell lysates) and normalized to the particle release efficiency in A7 (A) or M2 (B) cells expressing HIV-1 Gag-Pol alone. The results shown represent the mean Ϯ S.D. (n ϭ 3). C, A7 cells were cotransfected with Vpu-defective NL4 -3 proviral plasmids (NL4 -3/Udel) and either empty pcDNA3.1 vectors or HIV-1 Vpu expression plasmids, followed by immunoblot analysis of cell lysates (anti-Vpu antibodies, HIV Ig, and anti-actin antibodies) and virion lysates (HIV Ig). The right panel represents relative particle release efficiency (*, p Ͻ 0.1). Relative virus release efficiency was determined as p24 levels in the supernatant as a fraction of total p24 levels (supernatant plus cell lysates) and normalized to the virus release efficiency in A7 cells only expressing NL4 -3/Udel. The results shown represent the mean Ϯ S.D. (n ϭ 3). D, M2 cells were cotransfected with NL4 -3/Udel and HIV-1 Vpu expression plasmids at different ratios (from 1:0 to 1:2), followed by Western blotting analysis of cell lysates (anti-Vpu antibodies, HIV Ig, and anti-actin antibodies) and virion lysates (HIV Ig). The right panel represents relative particle release efficiency (ns, no significance). Relative virus release efficiency was determined as p24 levels in the supernatant as a fraction of total p24 levels (supernatant plus cell lysates) and normalized to virus release efficiency in M2 cells only expressing NL4 -3/Udel. The results shown represent the mean Ϯ S.D. (n ϭ 3).
Filamin A and Vpu Anti-tetherin Activity FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 linear repeats 1-15) and one C-terminal self-association domain, enables it to cross-link the actin cytoskeleton into orthogonal branches (35) . FLNa-dependent connections of Cav-1 to the actin cytoskeleton have been reported to be required both for the proper organization of Cav-1-associated membrane domains and for the regulation of caveola dynamics (59) . Similar to tetherin, Cav-1 exhibited the distinct distribution patterns in M2 versus A7 cells (51) . Coupled with early evidence of partial colocalization of tetherin with Cav-1 on the PM (8) , this suggests that FLNa-dependent connections of tetherin to the actin cytoskeleton may facilitate tetherin clustering into Cav-1-enriched membrane domains and, therefore, promote its endocytosis through a caveolin-dependent pathway. It is noted that this model does not negate the role of the clathrindependent pathway in the constitutive endocytosis of tetherin. Indeed, FLNa-depleted M2 cells still exhibited tetherin localization in internal compartments, indicating that FLNa deficiency does not completely block tetherin endocytosis through the AP-2-mediated pathway. In the tetherin cytoplasmic tail, non-canonical dual tyrosine residues (Y 6 XY 8 ) have been reported to be essential for the binding of the AP-2 complex that directs tetherin endocytosis (16, 17) . This motif is also implicated in the binding of the AP-1 complex that regulates tetherin retrieval transport (21). The role of this motif in tetherin association with FLNa remains unknown. However, there exists a possibility that FLNa-bound tetherin may induce the exposure of the Y 6 XY 8 motif, which can be efficiently recognized by AP-2 and AP-1 complexes. Further studies are warranted to define the relative importance of the AP-2-mediated constitutive pathway versus the FLNa-dependent regulated pathway on tetherin endocytosis.
Membrane pathways have been implicated in tetherin trafficking (16, 17) . When endocytosed, tetherin can be recycled back to the PM via early endosomes/sorting endosomes, recycling endosomes, or the trans-Golgi network compartment or can be targeted for degradation via lysosomes or proteasomes (60, 61) . Several lines of evidence indicate that the endo-lysosomal pathway is required for tetherin turnover through an ubiquitin-dependent manner (62, 63) . Indeed, the ESCRT-0 subunit hepatocyte growth factor-regulated tyrosine kinase substrate is implicated both in recognizing ubiquitinated tetherin and in targeting tetherin for lysosomal degradation via an ESCRT-dependent mechanism (19) . An ESCRT-I subunit, ubiquitin associated protein 1 (UBAP1), has been reported to be responsible for tetherin degradation in the multivesicular body pathway (64, 65) . Furthermore, perturbation of Rab7A function in the late endocytic pathway prevents tetherin from degradation, supporting that lysosomal targeting of tetherin contributes to, at least in part, its constitutive turnover (20) . Considering the results showing that either FLNa deficiency or FLNa overexpression induced an alteration in tetherin expression levels, we propose that FLNa targets endocytosed tetherin to the endo-lysosomal pathway for degradation. This hypothesis is supported by recent studies indicating that a portion of internalized Cav-1 is ubiquitinated and targeted to the degradation pathway through an ESCRT-dependent mechanism (66).
HIV-1 Vpu interaction with tetherin via their respective transmembrane domains is believed to be essential for Vpu to counteract tetherin antiviral activity (29, (67) (68) (69) . It is clear that Vpu removes tetherin from sites of virus budding. However, the exact mechanism of Vpu-mediated antagonism is still under debate (70 -72) . It has been shown that casein kinase II-mediated phosphorylation facilitates Vpu interaction with ␤-TrCP and, therefore, recruitment of the Skp1⅐Cul1⅐F-box E3 ubiquitin ligase complex, which induces tetherin ubiquitination and degradation via an endo-lysosomal pathway (28, 73, 74) . In some cell types, however, it has been suggested that Vpu can hijack AP-1 function in the retrograde transport of tetherin and, therefore, sequester tetherin in the perinuclear compartment (26, 27, 75, 76) . In addition, recent studies support a third mechanism by which membrane anchoring of Vpu via its N-terminal tryptophan residue can displace tetherin from sites of virus assembly (29, 30) . It is noted that these mutually nonexclusive mechanisms may be involved in the neutralization of tetherin either in a parallel manner or in a cell type-dependent manner. Our virological studies in A7 cells with FLNa expression support the view that virus release activity of Vpu in melanoma cells is achieved by down-regulating tetherin. However, FLNa deficiency in this cell type disables the activities of Vpu to down-modulate tetherin and to enhance virus release, implicating the involvement of FLNa in the Vpu antagonism of tetherin restriction. Taken together, these results suggest that Vpumediated evasion of tetherin restriction is required for FLNa function in tetherin internalization and down-regulation, although the underlying mechanism remains to be determined. Of note, two possibilities should be considered. The first one is that FLNa association with tetherin may induce a conformational change in tetherin that can be targeted efficiently by Vpu. The second mechanism is that FLNa-dependent trafficking pathways of tetherin are impaired by Vpu. Therefore, FLNa deficiency may sequester tetherin from Vpu, inhibiting Vpu anti-tetherin activities.
In summary, we showed that FLNa is involved in tetherin down-regulation and degradation and in the Vpu-mediated enhancement of virus release. Our results link the actin cytoskeleton to FLNa subcellular trafficking. These studies provide new insights into the Vpu-mediated neutralization of tetherin.
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